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Abstract² )DFH DSSHDUDQFH LV RQH RI WKH PRVW LPSRUWDQW
YLVXDO IHDWXUHV RI KXPDQ ZKLFK YDULHV VLJQLILFDQWO\ RYHU WKH
DJLQJ 7KHUHIRUH DXWRPDWLF DJH HVWLPDWLRQ LV D GHPDQGLQJ
UHVHDUFKWRSLFLQWKHILHOGRIIDFLDOIHDWXUHDQDO\VLV,QWKHWDVNRI
DJH HVWLPDWLRQ IHDWXUH H[WUDFWLRQ LV WKH ILUVW LQIOXHQWLDO VWHS
ZKLFK KLJKO\ HIIHFWV RQ D OHDUQLQJ PHWKRG DQG LWV REWDLQHG
UHVXOWV7KHVHFRQGLPSRUWDQWVWHSRIDQDJHHVWLPDWLRQV\VWHPLV
WUDLQLQJ RI SDWWHUQ UHFRJQLWLRQ PHWKRG EDVHG RQ WKH H[WUDFWHG
IHDWXUH YHFWRU &RQVLGHULQJ WKH LPSRUWDQFH RI WKH IHDWXUH
H[WUDFWLRQDQGWUDLQLQJVWHSVWKLVSDSHUXWLOL]HVWKHFRPELQDWLRQ
RI +DDU ZDYHOHW WUDQVIRUP DQG FRORU PRPHQW DSSURDFKHV WR
H[WUDFW IXOOLQIRUPDWLYHDQG LQIOXHQFLQJIHDWXUHHOHPHQWVRI IDFH
LPDJH7RLPSURYHWKHWUDLQLQJVWHSWKHSDSHUWUDLQVD6XSSRUW
9HFWRU 5HJUHVVLRQ 695 PRGHOEDVHGRQ WKHH[WUDFWHG IHDWXUH
YHFWRU IRU DJH HVWLPDWLRQ ([SHULPHQWDO UHVXOWV RI WKH SURSRVHG
PHWKRG DUH SHUIRUPHG RQ )*1(7 DQG 0253+ GDWDVHWV DQG
SURYHWKHVXSHULRULW\RIWKHPHWKRGFRPSDUHGZLWKWKHVWDWHRI
WKHDUWPHWKRGV
Keywords age estimationt; Haar wavelet; Support Vector 
Regression. 
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+XPDQIDFHLVRQHRIWKHPDMRUSURSHUWLHVWKDWFKDUDFWHUL]H
WKH LQGLYLGXDOV LQ WHUPV RI JHQGHU HPRWLRQ RU DJH >@
$PRQJWKHDERYHIHDWXUHVDJHKDVDGLUHFWUHODWLRQVKLSWRWKH
IDFH GXH WR WKH DSSHDULQJ RI VHYHUDO YDULDWLRQV VXFK DV IDFH
VL]H DQG VNLQ RQ KXPDQ IDFH RYHU WKH DJLQJ SURFHVV %\
DQDO\]LQJVXFKJUDGXDOFKDQJHDQGYDULDWLRQVRYHU WKHDJLQJ
VRPH SDWWHUQV FDQ EH H[WUDFWHG WR HVWLPDWH WKH DJH RI
LQGLYLGXDO IRU KLVKHU RZQ VSHFLILF IDFH LPDJH WKDW FDQ EH
FRQVLGHUHG DV WKH WDVN RI DXWRPDWLF DJH HVWLPDWLRQ >@ ,Q
RWKHU ZRUGV DXWRPDWLF DJH HVWLPDWLRQ LV D SURFHVV RI
DVVLJQLQJDQDJH ODEHO WRDJLYHQ LQGLYLGXDOEDVHGRQKLVKHU
RZQIDFH LPDJH7KH IDFHDJLQJSURFHVV LQPDOHVPD\GLIIHU
IURP WKH IHPDOHVZKHUH WKH IDFH LPDJHRI D IHPDOH LV VRXQG
\RXQJHU WKDQ WKH D PDOH GXH WR WKH PDNHXSV ,Q WKLV UHJDUG
H[WUDFWLRQ RI GLVFULPLQDWLYH IHDWXUHV IRU DJH HVWLPDWLRQ LQ
IHPDOHVLVPRUHGLIILFXOWWKDQPDOHV7KLVLVFRQVLGHUHGDVDQ
RSHQSUREOHP>@
$ W\SLFDO DJH HVWLPDWLRQ DSSURDFK FRQVLVWV RI WZR
IXQGDPHQWDOVWHSV)HDWXUHH[WUDFWLRQDQGDJHHVWLPDWLRQ>
@ ,Q WKH ILUVW VWHS DQ HIILFLHQW DSSURDFK LVXVHG WR H[WUDFW
IXOOLQIRUPDWLYHDQGLQIOXHQFLQJIHDWXUHHOHPHQWVRILQSXWIDFH
LPDJH>@,QWKLVUHJDUGVHYHUDOIHDWXUHH[WUDFWLRQPHWKRGV
KDYH EHHQ SURSRVHG VXFK DV DJH PDQLIROG >@ $FWLYH
$SSHDUDQFH 0RGHO $$0 >@ DJH PDQLIROG >@ DQG
$*LQJ SDWW(UQ $*(6 6XEVSDFH >@ 7KH EDVLF
FRQWULEXWLRQ RI $$0 LV FRPSDULQJ WKH HVWLPDWHGDSSHDUDQFH
PRGHORIIDFHLPDJHWRWKHWDUJHWLPDJHLQRUGHULQWRILQGWKH
PDWFKHG FRPSRQHQWV RI WKH PRGHOV 0DQLIROG OHDUQLQJ
WHFKQLTXH LV EDVHG RQ WKH PRGHOLQJ RI WKH PDQLIROG GDWD
VDPSOHV LQ D VXIILFLHQW ORZGLPHQVLRQDO HPEHGGLQJ VSDFH
ZKHUHDOLQHDUUHJUHVVLRQPHWKRGLVWUDLQHGRQWKHVDPSOHVIRU
WKH WDVN RI DJH HVWLPDWLRQ ,Q $*(6 DQ DSSHDUDQFH PRGHO
>@ LV XWLOL]HG WR H[WUDFW WKH IHDWXUH YHFWRUV RI S LQGLYLGXDO
IDFH LPDJHV LQ GLIIHUHQW DJHV $IWHU WKDW D UHSUHVHQWDWLYH
VXEVSDFHLVJHQHUDWHGEDVHGRQWKHH[WUDFWHGIHDWXUHYHFWRUWR
PRGHOWKHDJLQJSDWWHUQIRUHDFKLQGLYLGXDO
7KH VHFRQG VWHS RI D W\SLFDO DJH HVWLPDWLRQ PHWKRG LV
WUDLQLQJD OHDUQLQJDSSURDFKRQ WKH IHDWXUHYHFWRU ,Q >@ D
UHJUHVVLRQ PHWKRG ZLWK TXDGUDWLF IXQFWLRQ LV SURSRVHG WR
LPSURYHWKHSHUIRUPDQFHRIDJHHVWLPDWLRQPHWKRG$OVRWKLV
ZRUNLVLPSURYHGE\SURSRVLQJWKUHHKLHUDUFKLFDODUFKLWHFWXUHV
WR WKH SUHYLRXV V\VWHP >@ ,W LV LPSRUWDQW WR QRWH WKDW WKH
HIILFLHQF\RID W\SLFDODJHHVWLPDWLRQPHWKRGKLJKO\GHSHQGV
RQ WKH DERYH PHQWLRQHG VWHSV ZKHUH WUDLQLQJ RI DQ
DSSURSULDWHOHDUQLQJPHWKRGRQDQLQHIILFLHQWIHDWXUHYHFWRURU
WUDLQLQJDZHDNPHWKRGRQDQ LQIOXHQFLQJIHDWXUHYHFWRUZLOO
FDXVHSRRUSHUIRUPDQFH7RVROYHVXFKSUREOHPVZHSURSRVH
DQRYHODJHHVWLPDWLRQPHWKRGWRLPSURYHWKHSHUIRUPDQFHRI
ERWK IHDWXUH H[WUDFWLRQ DQG OHDUQLQJ VWHSV ,Q WKH SURSRVHG
PHWKRG D FRPELQDWLRQ RI +DDUZDYHOHW WUDQVIRUP DQG FRORU
PRPHQW LV XVHG WR H[WUDFW IXOOLQIRUPDWLYH DQG LQIOXHQFLQJ
IHDWXUHHOHPHQWV6LQFHWKHYDULDWLRQRIIDFLDOIHDWXUHVDSSHDUV
LQWKHLPDJHWH[WXUHXWLOL]DWLRQRI+DDUZDYHOHWIHDWXUHVLQDQ
DJH HVWLPDWLRQ V\VWHP FHUWDLQO\ LPSURYHV WKH TXDOLW\ RI
SUHGLFWLRQ )XUWKHUPRUH WKH YDULDWLRQ RI IDFLDO IHDWXUHV RYHU
WKH DJLQJ SURFHVV LQ D FRORUIXO LPDJH LV PRUH GLIIHUHQWLDEOH
WKDQJUD\OHYHO LPDJHDQGVRH[WUDFWLRQRIWKHFRORUIHDWXUHV
RILQSXWIDFHLPDJHFDQEHPRUHDSSURSULDWH
)LUVW WKH +DDU ZDYHOHW WUDQVIRUP LQ DSSOLHG WR WKH LQSXW
IDFH LPDJHV WKHQWKHIHDWXUHHOHPHQWVDUHH[WUDFWHGE\XVLQJ
 ?

)QRUP WKHRU\ 8VLQJ FRORU PRPHQWV WKH FRORU IHDWXUHV RI
LQSXW IDFH LPDJH DUH H[WUDFWHG DQG ILQDOO\ WZR W\SHV RI
H[WUDFWHGIHDWXUHVZLOOEHFRPELQHGDVDVLQJOHIHDWXUHYHFWRU
)XUWKHUPRUH WKH OHDUQLQJ VWHS RI WKH SURSRVHG PHWKRG LV
SHUIRUPHG XVLQJ 6XSSRUW 9HFWRU 5HJUHVVLRQ 695 ZKLFK LV
WUDLQHG RQ WKH FRPELQHG IHDWXUH YHFWRU RI +DDU ZDYHOHW
WUDQVIRUP DQG FRORU PRPHQW 7R REWDLQ WKH PLQLPXP
JHQHUDOL]DWLRQHUURURI695DUHJUHVVLRQIXQFWLRQLVHPSOR\HG
WR WUDLQ LQ D KLJKGLPHQVLRQDO IHDWXUH VSDFH 7KH UHVW RI WKH
SDSHU LV RUJDQL]HG DV IROORZV 7KH +DDU ZDYHOHW DQG FRORU
IHDWXUHVDUH LQWURGXFHGLQ6HFWLRQ7KHSURSRVHGPHWKRGLV
GHVFULEHGLQ6HFWLRQ(YDOXDWLRQVDQGH[SHULPHQWDOUHVXOWVRI
WKHSURSRVHGPHWKRGDUHSUHVHQWHGLQ6HFWLRQDQGWKHSDSHU
LVFRQFOXGHGLQ6HFWLRQ
,, %$&.*5281'
,Q WKLV VHFWLRQ WZR IHDWXUH H[WUDFWLRQ PHWKRGV WKDW DUH
ZLGHO\ XVHG LQ PDFKLQH YLVLRQ DQG SDWWHUQ UHFRJQLWLRQ DUH
GHVFULEHGDVIROORZV
A. Wavelet transform 
:DYHOHW WUDQVIRUP LV D PXOWLUHVROXWLRQ DSSURDFK IRU
LPDJHWH[WXUHDQDO\VLVWKDWFRQVLVWVRIWZRVWHSVUHFXUVLYH
ILOWHULQJDQGVXEVDPSOLQJIRUD'VLJQDOLPDJHRUYRLFH
>@ $W HDFK OHYHO ZDYHOHW WUDQVIRUP IXQFWLRQ GHFRPSRVHV
WKH LQSXW VLJQDO LQWR IRXU IUHTXHQF\VXEEDQGV+++///
DQG/+DVVKRZQLQ)LJZKHUH+DQG/PHDQKLJKDQGORZ
IUHTXHQF\UHVSHFWLYHO\

// >,
+/ ++

)LJ)LUVWOHYHORIZDYHOHWWUDQVIRUP
B. Haar wavelet transform  
+DDU ZDYHOHW LV GHYHORSPHQW RI ZDYHOHW WUDQVIRUP WR
VLPSOLI\ WKHFRPSXWDWLRQRIZDYHOHW WUDQVIRUP+DDUZDYHOHW
WUDQVIRUP IXQFWLRQ FRQVLVWV RI VHYHUDO FRHIILFLHQWV ZKLFK DUH
FRPSXWHGDVIROORZV
ݓܿ௜ ൌ ݌௜ െ ݌௜ାଵ ? ǡ ݅ א ሾ ?ǡ ሿܰ 
ZKHUHݓܿLVZDYHOHWFRHIILFLHQWDQG݌UHIHUVWRHOHPHQWRI
RQHGLPHQVLRQDO GDWDVHW ZKHUH WKH GDWDVHW FRQVLVWV RI ܰ
HOHPHQWV6LQFH݌௜ ݌௜ାଵDUHWZRDGMDFHQWHOHPHQWVRIGDWD
WKHUHZLOOEHேଶZDYHOHWFRHIILFLHQWVIRUDJLYHQGDWDVHWZLWKܰHOHPHQWV)XUWKHUPRUH WKHYHFWRURIZDYHOHWFRHIILFLHQWVFDQ
EH FRPSOHWHG XVLQJ WKH DYHUDJH RI WZR DGMDFHQW HOHPHQWV RI
GDWDVHWDVIROORZVܣ௜ ൌ ݌௜ ൅ ݌௜ାଵ ? ǡ ݅ א ሾ ?ǡ ሿܰ 
ZKHUH ܣ௜  VKRZV WKH DYHUDJH RI WZR DGMDFHQW HOHPHQWV݌௜ ݌௜ାଵDQGWKXVWKHUHZLOOEHேଶ DYHUDJHVIRUDGDWDVHW
ZLWK ܰ HOHPHQWV $IWHU FRPSXWDWLRQ RI WKH ZDYHOHW
FRHIILFLHQWV DQG WKH DYHUDJHV WKH\ ZLOO EH LQWHJUDWHG DV D
VLQJOHYHFWRUZKHUHWKHDYHUDJHVDUHVWRUHGLQWKHILUVWKDOIRI
WKH YHFWRU DQG WKH ZDYHOHW FRHIILFLHQWV DUH VWRUHG LQ WKH
VHFRQGKDOI>@7KLVSURFHVVLVUHSHDWHGRQWKHDYHUDJHSDUW
RIYHFWRUXQWLODVLQJOHDYHUDJHDQGFRHIILFLHQWDUHREWDLQHG,I
WKH GDWDVHW LV D WZRGLPHQVLRQDO LPDJH WKH DERYH RQH
GLPHQVLRQDO+DDUZDYHOHWGHFRPSRVLWLRQSURFHVVLVDSSOLHGRQ
HDFKURZDQGFROXPQRILQSXWLPDJHVHSDUDWHO\
C. Color feature 
,QFRORU LPDJH WKH5*%VSDFHSURYLGHV D XVHIXO VWDUWLQJ
SRLQWWRILQGFRORUIHDWXUHVRILPDJHVEXWLWLVQRWSHUFHSWXDOO\
XQLIRUP >@ 2QH RI WKH PDLQ DSSURDFKHV WR H[WUDFW
LQIOXHQFLQJFRORU IHDWXUHHOHPHQWV LV FRORUPRPHQWZKLFK LV
EDVHG RQ WKLV DVVXPSWLRQ WKDW  DQ\ FRORXU GLVWULEXWLRQ LQ DQ
LPDJHFDQEHDQDO\]HGDVDSUREDELOLW\GLVWULEXWLRQKHQFHWKH
PDLQSDUDPHWHUVRID W\SLFDOSUREDELOLW\GLVWULEXWLRQ VXFKDV
PHDQ DQG YDULDQFH VKRXOG EH GHILQHG IRU FRORU GLVWULEXWLRQ
:HSURYLGHPRUHGHWDLOVIRUFRORUPRPHQWLQWKHQH[WVHFWLRQ
,,, 352326('0(7+2'
$VPHQWLRQHGEHIRUHWZRPDLQVWHSVRIIHDWXUHH[WUDFWLRQ
DQGOHDUQLQJKDYHDKLJKLPSDFWRQWKHSHUIRUPDQFHRIDQDJH
HVWLPDWLRQ V\VWHP ,Q WKLV SDSHU ZH SURSRVH D QRYHO DJH
HVWLPDWLRQ V\VWHP LQ ZKLFK WKH WZR PHQWLRQHG VWHSV DUH
FRQVLGHUDEO\LPSURYHG7KHSDSHUSURSRVHVDFRPELQDWLRQRI
+DDU ZDYHOHW WUDQVIRUP DQG FRORU PRPHQW DV WKH LPSURYHG
IHDWXUHH[WUDFWLRQVWHS8VLQJ695PRGHOZHDOVRSURSRVHD
QHZ OHDUQLQJ VWHS ZLWK IXUWKHU LPSURYHPHQWV LQ WKH ILQDO
UHVXOWV1H[WVHFWLRQVSURYLGHIXUWKHUGHWDLOV
A. Improved feature extraction 
$V PHQWLRQHG HDUOLHU WKH SURSRVHG IHDWXUH H[WUDFWLRQ
PHWKRG FRQVLVWV RI WZR GLVWLQFW DSSURDFKHV +DDU ZDYHOHW
WUDQVIRUPDQGFRORUPRPHQW LQZKLFK WKHLUH[WUDFWHGIHDWXUH
YHFWRU ZLOO EH FRPELQHG DV D VLQJOH IHDWXUH YHFWRU ,Q WKH
SURSRVHG PHWKRG ILUVW WKH +DDUZDYHOHW GHFRPSRVLWLRQ
IXQFWLRQLVDSSOLHGRQWKHLQSXW5*%IDFHLPDJHIRUIRXUWLPHV
OHYHOV>@$IWHUWKDWWKH)QRUPWKHRU\LVXWLOL]HGWRUHGXFH
WKH GLPHQVLRQ RI WKH JHQHUDWHG IHDWXUHYHFWRU 5HSUHVHQWLQJ
WKHLQSXWIDFHLPDJHE\IZHGHILQHWKHVXELPDJHRIRULJLQDO
LPDJHILQiWKOHYHORI+DDUZDYHOHWGHFRPSRVLWLRQSURFHVVDV
IROORZV>@ܫ ൌ ൥݌ଵଵ ڮ ݌ଵ௡ڭ ڰ ڭ݌௡ଵ ڮ ݌௡௡൩ܫ௜ ൌ ൥݌ଵ௜ ڮ ݌ଵ௜ڭ ڰ ڭ݌௡௜ ڮ ݌௡௜൩ ǡ ݅ ൌ  ?ݐ݋ ݊




$OVR WKH )QRUP RI WKH VXELPDJH ܫ௜  LV JLYHQ DV IROORZ>@
ԡܫ௜ԡி ൌ  ඩ෍ ෍ ݌௞௟ଶ௜௞ୀଵ௜௝ୀଵ 
 ?

:KHUH݌௞௟ LVWKHSL[HORILQSXWLPDJHLQURZkDQGFROXPQ
l ,IZHGHILQH ?ܫ݅ ൌ ԡܫ݅ԡܨ െ ԡܫ݅െ ?ԡܨDQGԡܫ଴ԡி ൌ  ?
WKHQWKH+DDUZDYHOHWEDVHGIHDWXUHYHFWRURIPDWUL[ܣFDQEH
UHSUHVHQWHGDVܨ ுܸௐ ൌ ሾ ?ܫଵǡ  ?ܫଶǡ ǥ ǡ  ?ܫ௡ሿ 
$IWHU WKHH[WUDFWLRQRI+DDUZDYHOHWEDVHGIHDWXUHYHFWRU
WKHFRORU IHDWXUHYHFWRURI LQSXW IDFH LPDJHZLOO EHREWDLQHG
E\ DSSO\LQJ FRORU PRPHQW DSSURDFK RQ LQSXW LPDJH 7KH
GHILQLWLRQ RI FRORUPRPHQW IHDWXUH FRPHV IURP VWDWLVWLFDO
GLVWULEXWLRQRIFRORXUYDOXHVZLWKLQWKHLQSXWLPDJHEDVHGRQ
VRPHVSHFLILFPRPHQWVVXFKDVPHDQDQGYDULDQFH7KHFRORU
PRPHQW IHDWXUH RI LQSXW IDFH LPDJH LV GHILQHG DV D WULSOH
݉௜ ǡ ߪ௜ ǡ ݏ௜ ZKHUH ݉௜  UHSUHVHQWV WKH DYHUDJH RI SUREDELOLW\
GLVWULEXWLRQRIFRORUFKDQQHOiߪ௜ VKRZVWKHVWDQGDUGGLYLVLRQ
RI SUREDELOLW\ GLVWULEXWLRQ RI FRORU PDWUL[ i DQG ݏ௜  LV WKHVNHZQHVV RI SUREDELOLW\ GLVWULEXWLRQ RI FRORU PDWUL[ i 7R
FRPSXWHWKHDYHUDJHFRORUGLVWULEXWLRQRIFRORUFKDQQHOi WKH
IROORZLQJHTXDWLRQLVXWLOL]HG>@݉௜ ൌ  ?ܰ෍ ݌௜௝ே௝ୀଵ  
ZKHUHܰLVWKHWRWDOQXPEHURIWKHSL[HOVDQG݌௜௝ LVWKHjthSL[HORILPDJHLQWKHithFRORUFKDQQHO7KHVWDQGDUGGHYLDWLRQ
RIFRORUGLVWULEXWLRQRILQSXWIDFHLPDJHIRUWKHFRORUFKDQQHOi
LVJLYHQDVIROORZ



ߪ௜ ൌ ඩ ?ܰ෍൫݌௜௝ െ ݉௜൯ଶே௝ୀଵ 
$OVRWKHVNHZQHVVIDFWRURIFRORUSUREDELOLW\RIWKHFRORU
FKDQQHOiLVFRPSXWHGDVIROORZ>@



ݏ௜ ൌ ඩ ?ܰ෍൫ ௜ܲ௝ െ ܧ௜൯ଷே௝ୀଵయ 
6LQFH WKH 5*% PRGHO LV XVHG LQ WKLV SDSHU IRU FRORUIXO
LPDJHWKHUHLVDFRORUPRPHQWIHDWXUHYHFWRUZLWKOHQJWKRI
DVIROORZܨ ஼ܸெ ൌ ሾ݉௜ ǡ ߪ௜ ǡ ݏ௜ሿǡ݅ א ሼǡ ǡ ሽ 
$WWKHILQDOVWHSRIIHDWXUHH[WUDFWLRQWKHIHDWXUHYHFWRUVRI
WKH +DDU ZDYHOHW WUDQVIRUP DQG WKH FRORU PRPHQW VKRXOG EH
FRPELQHGDVDVLPSOHIRUPDVIROORZV

ܨ ுܸௐ஼ெ ൌ  ܨ ுܸௐ ൅ ܨ ஼ܸெൌ ሾ ?ܣଵǡ  ?ܣଶǡ ǥ ǡ  ?ܣ௡ ǡ ܯ௜ ǡ ߪ௜ ǡ ௜ܵሿǡ݅ א ሼǡ ǡ ሽ
7KHILQDOIHDWXUHYHFWRUFRQVLVWVRIWH[WXUHLQIRUPDWLRQDQG
FRORUSUREDELOLW\RI WKH LQSXW IDFH LPDJHZKLFKDUHHIILFLHQW
DQG LPSUHVVLYH IRU WKH WDVN RI DJH HVWLPDWLRQ 6LQFH WKH
YDULDWLRQ RI IDFLDO IHDWXUHV DSSHDUV LQ WKH LPDJH WH[WXUH WKH
DSSOLFDWLRQ RI +DDU ZDYHOHW IHDWXUHV LQ DQ DJH HVWLPDWLRQ
V\VWHP FHUWDLQO\ LPSURYHV WKH DFFXUDF\ RI RXU ILQDO DJH
HVWLPDWLRQ SURFHGXUH )XUWKHUPRUH WKH YDULDWLRQ RI IDFLDO
IHDWXUHV RYHU WKH DJLQJ SURFHVV LQ D FRORUIXO LPDJH LV PRUH
GLIIHUHQWLDEOH WKDQ JUD\OHYHO LPDJH WKHUHIRUH H[WUDFWLRQ RI
WKHFRORUIHDWXUHVRILQSXWIDFHLPDJHFDQEHPRUHDSSURSULDWH
$IWHU WKH IHDWXUH H[WUDFWLRQ D OHDUQLQJ PHWKRG VKRXOG EH
HPSOR\HGWR WUDLQRQWKHH[WUDFWHGIHDWXUHYHFWRUIRU WKHWDVN
RIDJHHVWLPDWLRQ)RUWKLVSXUSRVHZHXWLOL]HWKH695PRGHO
IRUDJHHVWLPDWLRQWKDWLVSUHVHQWHGLQGHWDLOVLQWKHQH[WVXE
VHFWLRQ
B. Improved learning step 
695 LV WKH GHYHORSPHQW RI 6XSSRUW 9HFWRU 0DFKLQH
690 FODVVLILHU WKDW DLPV WR ILQG WKH UHJUHVVLRQ IXQFWLRQ݂ሺݔሻZLWKWKHPD[LPXPߝGHYLDWLRQIURPWKHWHVWGDWDLQWKH
SUREOHPVSDFH>@7RLQWURGXFHWKHFRQFHSWRI695VXSSRVH
WKHGDWDVHWሼሺݔଵǡ ݕଵሻ ǥ ሺݔ௟ ǡ ݕ௟ሻሽǡ ݔ א ܴ௡ǡ ݕ א ܴZKHUHݔ௜ UHIHUV
WR VDPSOH i ZLWK GHVLUHG ODEHO ݕ௜  7KH JRDO RI 695 LV
SUHGLFWLRQRI WKHIXQFWLRQݕ ൌ ݂ሺݔሻZKLFKFDQEHGHILQHG
DVIROORZV݂ሺݔሻ ൌ ݓ߶ሺݔሻ ൅ ܾ 
ZKHUH ߶ሺݔሻ LV WKH IHDWXUH YHFWRU RI LQSXW IDFH LPDJH
ZKLFKLVPDSSHGIURPVSDFHݔWRDKLJKHUGLPHQVLRQDOVSDFH
SDUDPHWHU ܾ LV D ELDV DQG ݓ LV D YHFWRU IRU WKH UHJUHVVLRQ
FRHIILFLHQW >@ 6LQFH WKHVH WZR SDUDPHWHUV VKRXOG EH
HVWLPDWHG WKH 695 PRGHO XVHV UHJXODUL]HG ULVN IXQFWLRQ DV
IROORZV>@

ܴ௥௘௚ሾ݂ሿ ൌ ܴ௘௠௣ሾ݂ሿ ൅ ߣԡݓԡଶൌ  ?݈෍ ܮሺ݂ሺݔ௜ሻ െ ݕ௜ሻ ൅ ߣԡݓԡଶ௟௜ୀଵ 
ZKHUH ݈ LV WKH WRWDO QXPEHU RI VDPSOHV LQ GDWDVHW DQGܮሺ݂ሺݔ௜ሻ െ ݕ௜ሻLVߝLQVHQVLWLYHORVVIXQFWLRQWKDWLVJLYHQDVIROORZ>@


ܮሺ݂ሺݔ௜ሻ െ ݕሻ฀ൌ ൜ȁሺ݂ሺݔሻ െ ݕሻȁ െ ฀ǡ ȁሺ݂ሺݔሻ െ ݕሻȁ ൒ ฀ ?ǡ  

ZKHUHߝGHILQHVDWKUHVKROGIRUUHJUHVVLRQIXQFWLRQDVWKH
PD[LPXPUDGLDOGLVWDQFH IURPGDWDSRLQWV LQSUREOHPVSDFH
,Q695PRGHOWKHUHDUHWZRVODFNYDULDEOHVȟାDQGȟଵIRUWKH
GDWD SLQWV ORFDWHG RXWVLGH WKH UDGLDO GLVWDQFH >@ 7KHVH
YDULDEOHVDUHHPEHGGHGLQWKHIROORZLQJREMHFWIXQFWLRQWREH
PLQLPL]HGDVIROORZV>@
  
ܯ݅݊ǣ  ? ?ԡݓԡଶ ൅ ܥ ෍൫ȟା ൅ ȟି൯௟௜ୀଵ ݕ௜ െ ݓ௜߶ሺݔ௜ሻ ൅ ܾ ൑ ฀ ൅ ȟାݓ௜߶ሺݔ௜ሻ ൅ ܾ െ ݕ௜ ൑ ฀ ൅ ȟି
ȟା ൅ ȟି ൒  ?
ZKHUHܥLVDUHXWLOL]HGFRQVWDQWWRPDNHDEDODQFHEHWZHHQ
HPSLULFDOHUURUDQGIODWQHVVRIIXQFWLRQ$OVRݓLVGHILQHGDV
 ?

ݓ ൌ  ? ሺߙ௜ െ ߙ௜כሻ߶ሺݔ௜ሻ௟௜ୀଵ 6RWKHPDLQIXQFWLRQRI695PRGHOLVJLYHQDVIROORZV>@


݂ሺݔሻ ൌ ෍ሺߙ௜ െ ߙ௜כሻ௟௜ୀଵ ߶ሺݔ௜ሻ߶ሺݔሻ ൅ ܾൌ ෍ሺߙ௜ െ ߙ௜כሻ௟௜ୀଵ ܭሺݔ௜ǡ ݔሻ ൅ ܾ
ZKHUHܭሺݔ௜ ǡ ݔሻ LVDNHUQHO IXQFWLRQZKLFK LVVHW WR5%)
W\SH LQ WKLV SDSHU )XUWKHUPRUH ߙ௜ DQG ߙ௜כ DUH FRPSXWHGXVLQJFRQYH[RSWLPL]DWLRQWRRODVIROORZ>@

ܯܽݔǣ െ  ? ?෍ ሺߙ௜ െ ߙ௜כሻ൫ߙ௝ െ ߙ௝כ൯௟௜ǡ௝ୀଵ ܭ൫ݔ௜ ǡ ݔ௝൯ െ
฀෍ሺߙ௜ െ ߙ௜כሻ ൅ ෍ ݕ௜௟௜ୀଵ ሺߙ௜ െ ߙ௜כሻ௟௜ୀଵ 

෍ ሺߙ௜ െ ߙ௜כሻ௟௜ǡ௝ୀଵ ൌ  ?ǡ ߙ௜ ൒  ?ǡ ߙ௜כ ൑ ܥ
%\ GHILQLWLRQ RI ߙ௜ DQG ߙ௜כ WKH ELDV LV FRPSXWHG DVIROORZ>@


ܾ ൌ ݕ௜ െ ݓ௜׎ሺݔሻ െ ฀ߙ௜ א ሺ ?ǡ ܥሻܾ ൌ ݕ௜ െ ݓ௜׎ሺݔሻ ൅ ฀ߙ௜כ א ሺ ?ǡ ܥሻ
,Q WKLV SDSHU WKH 695 PRGHO LV XVHG IRU WKH WDVN RI DJH
HVWLPDWLRQ 7R WKLV HQG WKH 695 PRGHO LV WUDLQHG RQ WKH
IHDWXUHYHFWRUH[WUDFWHGE\+DDUZDYHOHW WUDQVIRUPDQGFRORU
PRPHQW ,Q QH[W VHFWLRQ ZH VKRZ WKDW WKH UHVXOWV RI WKH
SURSRVHG PHWKRG RQ GLIIHUHQW GDWDVHWV SURYH WKH DELOLW\ RI
695 PRGHO WR HIILFLHQWO\ WUDLQ RQ WKH FRPELQHG IHDWXUH
YHFWRUV
,9 (;3(5,0(17$/5(68/76
7KLV VHFWLRQ SURYLGHV WKH HYDOXDWLRQ UHVXOWV RI WKH
SURSRVHG PHWKRG RQ WKH IDFLDO DJH HVWLPDWLRQ SUREOHP 7KH
SURSRVHG PHWKRG LV HYDOXDWHG RQ WZR FRPPRQ DJLQJ LPDJH
GDWDVHWVRI)*1(7>@DQG0253+>@)*1(7GDWDVHW
LQFOXGHV  FRORU DQG JUD\VFDOH IDFH LPDJHV IURP 
LQGLYLGXDOV LQ UDQJH RI QHZERUQV XS WR  \HDUV ROG 7KH
0253+ GDWDVHW FRQWDLQV  FRORU IDFH LPDJHV IURP 
VXEMHFWV ZLWKLQ WKH UDQJH RI  XS WR  \HDUV ROG 6RPH
VDPSOHVRIERWKGDWDVHWVDUHGHPRQVWUDWHGLQ)LJ
7KHXVHGGDWDVHWVDUHGLYLGHGLQWRWZRSDUWVRIWUDLQLQJDQG
WHVWLQJ ZLWK WKH VL]H RI  DQG  UHVSHFWLYHO\ 7KH
HYDOXDWLRQUHVXOWRI WKHSURSRVHGPHWKRGLVEDVHGRQIROG
FURVVYDOLGDWLRQLQZKLFKWKHWUDLQLQJVHWLVVKXIIOHGDQGDIWHU
WKDW GLYLGHG LQWR  SDUWV DQG WKH 695 PRGHO LV WUDLQHG RQ
QLQH SDUWV DQG WKHQ YDOLGDWHG RQ WK SDUW 1RWH WKDW LQ HDFK
IROGWKHYDOLGDWLRQSDUWLVURWDWHGWKURXJKWKHSDUWV
7KH HYDOXDWLRQ PHDVXUHV XWLOL]HG LQ WKH H[SHULPHQWV DUH
0HDQ $EVROXWH (UURU 0$( DQG &XPXODWLYH 6FRUH &6
ZKHUH WKH 0$( FRPSXWHV WKH HUURU EHWZHHQ WKH HVWLPDWHG
DJHVDQGWKHDFWXDORQHVDVIROORZV

ܯܣܧ ൌ  ?ܰ෍ȁܣ௜ െ ௜ܲȁே௜ୀଵ 
ZKHUHܰ LV WKHQXPEHURIWHVWVDPSOHVܣ௜ DQG ௜ܲDUHWKHDFWXDO DQG HVWLPDWHG DJHV RI LQGLYLGXDO¶V IDFH LPDJH i
UHVSHFWLYHO\$OVRWKH&6PHDVXUHLVGHILQHGDVIROORZV

ܥܵሺݐሻ ൌ ௘ܰஸ௧ܰ ൈ  ? ? ? ?
ZKHUH ௘ܰஸ௧ LV QXPEHU RI WHVW VDPSOHV ZLWK DQ DEVROXWHHUURUYDOXHeHTXDORUORZHUWKDQt
9 5(68/76
,Q WKH ILUVW VWHS RI HYDOXDWLRQ WKH HVWLPDWLRQ UHVXOWV RI
695 ZLWK GLIIHUHQW IHDWXUH H[WUDFWLRQ PHWKRGV VXFK DV 6,)7
>@ $$0 >@ DQG WKH SURSRVHG +DDU :DYHOHW DQG &RORU
0RPHQW +:&0RQDOOGDWDVHWVDUHDQDO\]HG LQ7DEOH LQ
WHUPVRI0$(PHDVXUH$FFRUGLQJWR7DEOHWKHEHVWUHVXOWV
DUH REWDLQHG XVLQJ +:&0 IHDWXUH H[WUDFWRU 6LQFH +:&0
EHQHILWV IURP ERWK WH[WXUH DQG FRORU IHDWXUHV LQIRUPDWLRQ RI
WKH LQSXW IDFH LPDJH LW LVH[SHFWDEOH WR VHH WKHFDSDELOLW\RI
H[WUDFWLQJ DQ HIIHFWLYH IHDWXUH YHFWRU RI IDFH LPDJH E\ WKH
SURSRVH PHWKRG 6LQFH ERWK 6,)7 DQG $$0 GHSHQG RQ WKH
IDFH JHRPHWU\ DQG DSSHDUDQFH PRGHO RI WKH IDFH DJLQJ
SURFHVV GHFUHDVHV WKHLU HVWLPDWLRQ UHVXOWV )XUWKHUPRUH WKH
VKDSH RI LQGLYLGXDO
V FKDQJHV RYHU WKH DJLQJ H[WUDFWLRQ RI
IHDWXUH YHFWRU XVLQJ WKH 6,)7 DQG $$0 PRGHOV LV QRW
HIIHFWLYHGXHWRWKHGHSHQGHQF\RIWKHPWRWKHIDFHJHRPHWU\
ZKLOH +:&0 LV LQGHSHQGHQW RI IDFH JHRPHWU\ DQG LWV
YDULDWLRQV
7$%/((9$/8$7,212)69502'(/:,7+',))(5(17)($785(
(;75$&7,210(7+2'6,17(5062)0$(0($685(
)HDWXUHH[WUDFWLRQPHWKRG'DWDVHW
HWCMAAMSIFT 
FG-NET
MORPH

,QWKHVHFRQGVWHSRIHYDOXDWLRQWKHUHVXOWRIWKHSURSRVHG
PHWKRG LV FRPSDUHG ZLWK WKH UHVXOWV RI WKH RWKHU OHDUQLQJ
PHWKRGV VXFK DV &>@ 690>@ $$6>@ $*(6>@
,,6//'>@ :$6 >@ &311 >@ DQG0/3 RQERWK )*
1(7 DQG 0253+ GDWDVHWV LQ WHUPV RI 0$( PHDVXUH DV
VKRZQ LQ 7DEOH  $FFRUGLQJ WR WKLV WDEOH WKH SURSRVHG
PHWKRGDOVRWDNHVWKHEHVWUDQNDPRQJRWKHUPHWKRGVDQGWKH
VHFRQG EHVW UDQN LV REWDLQHG E\ WKH ,,6//' PHWKRG 7KH
UHDVRQRIWKHVXFFHVVRISURSRVHGPHWKRGUHIHUVWRWKHK\EULG
IHDWXUHYHFWRUWKDWFRQVLVWVRIWH[WXUHDQGFRORUIHDWXUHV6LQFH
WKHYDULDWLRQVRIIDFH LPDJHRYHUWKHDJLQJDUHPRUHREYLRXV
LQ LPDJH WH[WXUH H[WUDFWLRQ RI +DDU ZDYHOHWEDVHG IHDWXUH
YHFWRUWRDFKLHYHWKHLQIOXHQWLDOEHVWIHDWXUHHOHPHQWVLVPRUH
DSSURSULDWH
,Q DGGLWLRQ WKH JHQHUDOL]DWLRQ DELOLW\ RI 695 PRGHO WR
GHDOZLWKWKHDJHHVWLPDWLRQSUREOHPLVSURYHGLQWKLVVHFWLRQ
2QH RI WKH PDLQ GUDZEDFNV RI ,,6//' LV XWLOL]DWLRQ RI WKH
PD[LPXPHQWURS\PRGHOWRILWWRUHDODJHGLVWULEXWLRQZKLFKLV
 ? ?

LQDSSURSULDWHIRUDJHHVWLPDWLRQ,QWKLVFRPSDULVRQWKH0/3
PRGHOLVUDQNHGDVWKHODVWPHWKRG













)LJ6DPSOHLPDJHVIURP)*1(7DQG0253+GDWDVHWV7KHILUVWURZVKRZVDVHWRILPDJHVDPSOHVRIGLIIHUHQWLQGLYLGXOVIURP)*1(7DQGWKHVHFRQGURZSUHVHQWV
WKHDJLQJSURFHVVRIDQLQGLYLGXDOLQ)*1(77KHWKLUGURZVKRZVDVHWRILPDJHVDPSOHVRIGLIIHUHQWLQGLYLGXOVIURP0253+DQGWKHODVWURZSUHVHQWVWKHDJLQJ
SURFHVVRIDQLQGLYLGXDOLQ0253+












)LJ&RPSDULVRQRIDOODJHHVWLPDWLRQPHWKRGRQ)*1(7GDWDVHWLQWHUPVRI
&6

)LJ&RPSDULVRQRIDOODJHHVWLPDWLRQPHWKRGRQ0253+GDWDVHWLQWHUPVRI&6




)LJ9LVXDODJHHVWLPDWLRQUHVXOWVRIWKHSURSRVHGPHWKRGRQGLIIHUHQWLPDJHVRI)*1(7DQG0253+GDWDVHWV
 ? ?


7$%/(&203$5,6212)6(9(5$/$*((67,0$7,210(7+2'621)*1(7$1'0253+'$7$6(76,17(5062)0$(
$JHHVWLPDWLRQPHWKRGV
'DWDVHW
Proposed methodCPNNIIS-LLDWASAGESSVMC4.5MLPAAS 
FG-NET
MORPH 

6LQFH WKH FDVHV RI URWDWLRQ VFDOLQJ DQG VKLIWLQJ RI IDFH
LQVLGH WKH LPDJH DUH DFFUXHG IUHTXHQWO\ D UREXVW IHDWXUH
H[WUDFWLRQ PHWKRG LV UHTXLUHG WR HIILFLHQWO\ H[WUDFW IXOO
LQIRUPDWLYH IHDWXUH YHFWRU RI LQSXW LPDJH %HFDXVH RI WKDW
XWLOL]DWLRQ RI +:&0 DV WKH IHDWXUH H[WUDFWRU ORRNV WR EH D
SURSHUVROXWLRQWRH[WUDFWWKHEHVWIHDWXUHYHFWRURIIDFHLPDJH
LQ WKH DIRUHPHQWLRQHG FDVHV $FFRUGLQJ WR WKH SUHVHQWHG
UHVXOWVLWLVVKRZQWKDWFRPELQDWLRQRI+:&0DQG695FDQ
SHUIRUPDVDFRPSOHWHDQG LQQRYDWLYHDJHHVWLPDWLRQPHWKRG
WRREWDLQYHU\SURPLVLQJUHVXOWV
)LJ LOOXVWUDWHV WKH UHVXOWV RI DOO DJH HVWLPDWLRQ PHWKRGV
IRU )*1(7 GDWDVHW LQ WHUPV RI &6 PHDVXUH 7KH KRUL]RQWDO
D[LVVKRZVWKHHUURUOHYHOLQXQLWRI\HDUDQGWKHYHUWLFDOD[LV
VKRZV WKH &6 YDOXH $FFRUGLQJ WR WKLV ILJXUH WKH EHVW &6
YDOXHV IRU DOO WKUHVKROGV DUH REWDLQHG XVLQJ WKH SURSRVHG
PHWKRG 7KLV SURYHV WKDW WKH SURSRVHG PHWKRG LV DEOH WR
SUHGLFW WKH PD[LPXP QXPEHU RI LQGLYLGXDOV¶ DJH ZLWK
PLQLPXP HUURU FRPSDUHG WR HLJKW RWKHU PHWKRGV $V FDQ EH
VHHQLQ)LJWKHVHFRQGEHVWPHWKRGLV&311DQG,,6//'
LVUDQNHGDVWKHWKLUGEHVWPHWKRG6LPLODUO\)LJXUHVKRZV
WKHRXWFRPHRI WKHSURSRVHGPHWKRGRQ0253+GDWDVHWV LQ
WHUPV RI &6 PHDVXUH 9LVXDO UHVXOWV RI DJH HVWLPDWLRQ LV
VKRZQ LQ)LJZKHUH WKH DFWXDO DQGSUHGLFWHGDJHVRIHDFK
IDFH LPDJH DUH PHQWLRQHG IRU HDFK IDFH LPDJH 7KH OLWWOH
GLIIHUHQFHEHWZHHQWKHDFWXDODJHDQGWKHHVWLPDWHGDJHSURYHV
WKH DELOLW\ RI WKH SURSRVHG PHWKRG IRU UHDOZRUOG DJH
HVWLPDWLRQWDVNV
%DVHGRQ WKHSUHVHQWHG UHVXOWV WKHSURSRVHPHWKRG WDNHV
WKH EHVW HVWLPDWLRQ UHVXOWV RQ ERWK )*1(7 DQG 0253+
GDWDVHWV LQ WHUPVRI0$(DQG&6PHDVXUHV7KHILUVW UHDVRQ
RI WKLV VXFFHVV UHIHUV WR WKH IHDWXUH YHFWRU ZKLFK FRQWDLQV
WH[WXUHDQGFRORUIHDWXUHVRIIDFHLPDJH7KHVHFRQGUHDVRQLV
695 PRGHO ZKLFK LV WUDLQHG RQ HIILFLHQW DQG LQIOXHQFLQJ
IHDWXUHYHFWRUDQGILQDOO\REWDLQVKLJKJHQHUDOL]DWLRQDELOLW\LQ
WKH SUREOHP RI DJH HVWLPDWLRQ $V D UHVXOWV WKH SURSRVHG
PHWKRG FDQ EH FRQVLGHUHG DV DQ HIILFLHQW DQG UREXVW DJH
HVWLPDWLRQPHWKRGWKDWLVDEOHWRSUHGLFWWKHDJHRILQGLYLGXDOV
LQDOPRVWDOOVLWXDWLRQV
9, &21&/86,21
7KLV SDSHU LQWURGXFHG D UREXVW WHFKQLTXH IRU IDFLDO DJH
HVWLPDWLRQ XVLQJ +:&0 DV D IHDWXUH H[WUDFWRU DQG 695
PRGHODV WKH OHDUQLQJPHWKRG$VDQ LPSRUWDQWDGYDQWDJHRI
WKHSURSRVHGPHWKRG +:&0HQFRPSDVVHVERWK WH[WXUH DQG
FRORUIHDWXUHRIIDFHLPDJHZKLFKDUHPRUHDSSURSULDWHIRUWKH
WDVN RI DJH HVWLPDWLRQ $QDORJRXVO\ WKH PDLQ DGYDQWDJH RI
695 LV LWV JHQHUDOL]DWLRQ DELOLW\ WR GHDO ZLWK DJH HVWLPDWLRQ
SUREOHP7KHSURSRVHGPHWKRGZDVHYDOXDWHGRQ)*1(7DQG
0253+ GDWDVHWV LQ WHUPV RI ³PHDQ DYHUDJH HUURU´ DQG
³FXPXODWLYH VFRUH´ PHDVXUHV DQG WKH H[SHULPHQWDO UHVXOW
SURYHGWKDW WKHSURSRVHGPHWKRGRXWSHUIRUPVWKHVWDWHRIWKH
DUWLQFOXGLQJHLJKWQHZPHWKRGVFRPSDUHGLQWKLVSDSHU$VD
UHVXOW ZH FDQ FRQFOXGH WKDW WKH SURSRVHG PHWKRG FDQ EH
FRQVLGHUHG DV DQ HIILFLHQW DQG UREXVW DJH HVWLPDWLRQ PHWKRG
ZKLFK LV DEOH WR SUHGLFW WKH DJH RI LQGLYLGXDOV LQ UHDOZRUOG
DSSOLFDWLRQV
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